CLASPs Attach Microtubule Plus Ends to the Cell Cortex through a Complex with LL5β  by Lansbergen, Gideon et al.
Developmental Cell 11, 21–32, July, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.devcel.2006.05.012CLASPs Attach Microtubule Plus Ends to
the Cell Cortex through a Complex with LL5bGideon Lansbergen,1,6 Ilya Grigoriev,1,6
Yuko Mimori-Kiyosue,2 Toshihisa Ohtsuka,2,3
Susumu Higa,3 Isao Kitajima,3 Jeroen Demmers,4
Niels Galjart,1 Adriaan B. Houtsmuller,5
Frank Grosveld,1 and Anna Akhmanova1,*
1MGC Department of Cell Biology and Genetics
Erasmus Medical Center
3000 DR Rotterdam
The Netherlands
2KAN Research Institute
Kyoto Research Park
Shimogyo-ku, Kyoto 600-8815
Japan
3Department of Clinical and Molecular Pathology
University of Toyama
Sugitani 2630
Toyama 930-0194
Japan
4MGC Department of Biochemistry
Erasmus Medical Center
3000 DR Rotterdam
The Netherlands
5Department of Pathology
Josephine Nefkens Institute
Erasmus Medical Center
3000 DR Rotterdam
The Netherlands
Summary
CLASPs are mammalian microtubule-stabilizing pro-
teins that can mediate the interaction between distal
microtubule ends and the cell cortex. Using mass
spectrometry-based assays, we have identified two
CLASP partners, LL5b and ELKS. LL5b and ELKS
form a complex that colocalizes with CLASPs at the
cortex of HeLa cells as well as at the leading edge of
motile fibroblasts. LL5b is required for cortical CLASP
accumulation and microtubule stabilization in HeLa
cells, while ELKS plays an accessory role in these pro-
cesses. LL5b is a phosphatidylinositol-3,4,5-triphos-
phate (PIP3) binding protein, and its recruitment to
the cell cortex is influenced by PI3 kinase activity but
does not require intact microtubules. Cortical clusters
of LL5b and ELKS do not overlap with focal adhesions
but often form in their vicinity and can affect their size.
We propose that LL5b and ELKS can form a PIP3-reg-
ulated cortical platform to which CLASPs attach distal
microtubule ends.
Introduction
Microtubule (MT) networks are highly dynamic struc-
tures that can rapidly alter their shape during cell move-
ment and morphogenesis. MT organization strongly de-
*Correspondence: anna.akhmanova@chello.nl
6 These authors contributed equally to this work.pends on the interaction of the MT plus ends with the
actin cytoskeleton and cortical cell regions. In mamma-
lian cells, MT plus ends can be linked to the cortex by
different plus end tracking proteins (+TIPs), including
dynein/dynactin, CLIP-170, APC, spectraplakins, and
CLASPs (Akhmanova and Hoogenraad, 2005; Carvalho
et al., 2003; Howard and Hyman, 2003; Schuyler and
Pellman, 2001).
CLASPs are evolutionarily conserved proteins that
play an essential role in cell division (for review, see Gal-
jart [2005] and Maiato et al. [2003]). Additionally, in inter-
phase cells, CLASPs are involved in forming polarized
MT arrays (Akhmanova et al., 2001; Mathe et al., 2003;
Wittmann and Waterman-Storer, 2005). CLASPs can
bind directly to MTs as well as the members of two
other +TIP families, the CLIPs and the EB proteins (Akh-
manova et al., 2001; Mathe et al., 2003; Mimori-Kiyosue
et al., 2005). These interactions are likely to contribute to
CLASP accumulation at the plus ends. Unlike many
other +TIPs, which bind to all growing MT ends through-
out the cell, CLASPs associate with MTs in a spatially
regulated manner. In migrating fibroblasts, CLASPs
specifically bind to the MT tips at the leading, but not
at the trailing edge, and contribute to MT stabilization
(Akhmanova et al., 2001). In motile epithelial cells,
CLASPs also preferentially bind to MTs at the leading
edges; however, in this case they decorate not only
the tips but also long stretches of the MT lattice (Witt-
mann and Waterman-Storer, 2005). In both systems,
GSK3b appears to be a key regulator of CLASP affinity
for MTs (Akhmanova et al., 2001; Wittmann and Water-
man-Storer, 2005). In fibroblasts, PI3 kinase activity is
also important for the polarized CLASP distribution
(Akhmanova et al., 2001), in agreement with the fact
that PI3 kinase acts upstream of GSK3b in different sys-
tems (Doble and Woodgett, 2003).
Studies in HeLa cells have demonstrated that CLASPs
can attach dynamic MT plus ends to certain cortical re-
gions and stabilize them by repeatedly rescuing them
from depolymerization (Mimori-Kiyosue et al., 2005). In
this way, the density of the MT arrays linked to particular
areas of the cell cortex can be increased. Here, we iden-
tify LL5b (Paranavitane et al., 2003) and ELKS (also
known as CAST2, Rab6IP2, or ERC1 [Deguchi-Tawar-
ada et al., 2004; Monier et al., 2002; Nakata et al.,
1999; Wang et al., 2002]) as components of the molecu-
lar link between CLASP bound MT tips and the cell cor-
tex. LL5b is a phosphatidylinositol-3,4,5-triphosphate
binding protein (PIP3) binding protein (Paranavitane
et al., 2003). Our study, therefore, provides a new con-
nection between PI3 kinase activity and MT stabilization
by CLASPs.
Results
Identification of LL5b and ELKS as CLASP Binding
Partners
To identify partners of CLASP2, we have used pull-down
assays combined with mass spectrometry. We gener-
ated a construct encoding biotinylation- and green
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22Figure 1. Identification of LL5b and ELKS as
CLASP Binding Partners
(A–C) Streptavidin pull-down assays were
performed with lysates of HeLa cells coex-
pressing bio-GFP-CLASP2a together with
BirA, bio-GFP-ELKSa together with BirA,
bio-GFP-LL5b together with BirA, or BirA
alone. Proteins bound to streptavidin beads
were analyzed on a Coomassie-stained gel
(A) or by Western blotting with the indicated
antibodies (B and C). In (A), only the fraction
bound to the beads was loaded. In (B) and
(C), the extract before the pull down (lanes
marked ‘‘E’’) and proteins bound to the beads
(lanes marked ‘‘B’’) are shown. Lanes marked
‘‘E’’ correspond to 25% of the extract used to
obtain lanes marked ‘‘B.’’
(D) Protein extracts of HEK293 cells over-
expressing GFP-CLASP1a, HA-LL5b, or Myc-
ELKS3 were mixed in the indicated com-
binations, followed by IP with the anti-GFP
antibody. IPs were analyzed by Western blot-
ting with the indicated antibodies.
(E) IPs from extracts of untransfected HeLa
cells with the indicated antibodies. Lane
marked ‘‘Ext’’ shows 5% of the input. In the
experiments shown in this figure, rabbit anti-
bodies against LL5b and ELKS were used.fluorescent protein (GFP)-tagged CLASP2a (bio-GFP-
CLASP2a) and transiently coexpressed it in HeLa cells
together with the protein-biotin ligase BirA. Subcellular
localization of bio-GFP-CLASP2a was the same as that
of endogenous CLASP2 (data not shown). Bio-GFP-
CLASP2a was efficiently biotinylated by BirA, as con-
firmed by Western blots probed with labeled streptavi-
din (data not shown).
Next, biotinylated proteins from cells expressing ei-
ther bio-GFP-CLASP2a together with BirA or BirA alone
were isolated with streptavidin beads and analyzed on
a Coomassie-stained gel (Figure 1A), by Western blot-
ting (Figure 1B) and by mass spectrometry (Table S1).
In addition to background proteins, which were present
in both lanes, we observed in the bio-GFP-CLASP2a
pull-down lane an abundant protein ofw190 kDa, which
was identified as GFP-CLASP2a (Figure 1B and data not
shown). It should be noted that endogenous CLASP2
and CLASP1 were not copurified with the tagged
CLASP2a (Figure 1B), suggesting that these proteins
do not homo- or heteromultimerize or occur as stable
multimers formed cotranslationally. A protein of w170
kDa present specifically in the bio-GFP-CLASP2a lane
was identified as CLIP-170, a known CLASP bindingpartner (Akhmanova et al., 2001) (Figure 1B). In addition,
mass-spectrometry analysis of the whole bio-GFP-
CLASP2a lane revealed two proteins that were not pres-
ent in the BirA-only control—LL5b (Paranavitane et al.,
2003) and ELKS (Deguchi-Tawarada et al., 2004; Monier
et al., 2002; Nakata et al., 1999; Wang et al., 2002) (Table
S1). The validity of mass spectrometry results was
confirmed by Western blotting with LL5b- and ELKS-
specific antibodies (Figure 1B). We also generated
bio-GFP fusions of LL5b and ELKS and used them for
streptavidin pull-down assays. Bio-GFP-tagged over-
expressed LL5b and ELKS efficiently pulled down en-
dogenous ELKS and LL5b, respectively; they also pre-
cipitated CLASP1 and CLASP2, but not CLIP-170 or
a-tubulin (Figure 1C). It should be noted that ELKS has
several splice isoforms, including the neuronal ELKSa
and the ubiquitously expressed ELKS3, which differ in
their C-terminal regions (Nakata et al., 2002). LL5b and
CLASPs were coprecipitated with both isoforms (Fig-
ure 1C and data not shown), indicating that the inter-
action with LL5b and CLASPs does not depend on the
ELKS C-terminal tail.
Next, we performed immunoprecipitations (IPs) with
GFP-specific antibodies by using extracts of HEK293
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HA-LL5b, and myc-ELKS3 (Figure 1D). GFP-CLASP1a
could efficiently coprecipitate HA-LL5b; however, myc-
ELKS3 was only precipitated with GFP-CLASP1a when
overexpressed HA-LL5b was present in the extract.
This result suggests that LL5b mediates the interaction
between CLASP1 and ELKS.
Endogenous ELKS (corresponding to the ELKS iso-
forms d and/or 3 [Nakata et al., 2002; Ohara-Imaizumi
et al., 2005]) and LL5b coprecipitated with the endoge-
nous CLASP1 from HeLa cell extracts (Figure 1E).
ELKS was also present in LL5b IPs; however, CLASPs
did not copurify with the endogenous LL5b (Figure 1E),
probably because the LL5b antibody used in this exper-
iment was directed against the CLASP-interacting re-
gion of LL5b, M2 (see below), and hindered the LL5b-
CLASP interaction. These data indicate that in HeLa
cells endogenous LL5b can associate with ELKS and
CLASPs.
CLASPs and ELKS Colocalize with LL5b and Depend
on It for Their Cortical Localization
We next examined the relative distribution of endoge-
nous CLASPs, LL5b, and ELKS in HeLa cells. Our previ-
ous study has shown that in HeLa cells CLASPs are
present at the Golgi complex and MT plus ends and
are especially abundant at the distal MT ends located
close to the cell margin (Mimori-Kiyosue et al., 2005).
Both LL5b and ELKS displayed significant overlap with
CLASPs at the cell periphery (Figures 2A and 2B). The
accumulation and colocalization of all these proteins
was particularly apparent at the ‘‘free’’ cell edges, where
cells did not make contact with other cells. LL5b and
ELKS showed an almost complete colocalization at the
cell edges (Figure 2C). For these immunolocalization ex-
periments, we used methanol fixation, which allows an
optimal staining with the antibodies against CLASPs,
LL5b, and ELKS but may not preserve soluble cytosolic
proteins. We therefore confirmed the colocalization of
LL5b and ELKS in paraformaldehyde (PFA)-fixed cells
by coexpressing the red fluorescent protein (RFP) and
GFP-tagged versions of the two proteins (Figure 2D).
The correspondence of the staining pattern and the
in vivo distribution of CLASPs was established previ-
ously (Mimori-Kiyosue et al., 2005).
Live cell imaging of GFP-LL5b further confirmed its
preferential accumulation at the edges (Figure 2E).
Epifluorescence and TIRF microscopy produced very
similar images (Figure 2E). Since TIRF microscopy visu-
alizesw200 nm at the bottom of the cell, this result indi-
cates that most of the LL5b-positive structures are con-
fined to the ventral plasma membrane. LL5b-ELKS
signals never overlapped with focal adhesions (FA)
but often formed a complementary pattern (Figure 2F),
further supporting cortical localization of LL5b-ELKS
complexes.
To address the hierarchy of interactions between
CLASPs, LL5b, and ELKS at the cortex, we next knocked
down CLASP1, CLASP2, LL5b, and ELKS by RNA inter-
ference (RNAi). Western blot analysis showed that
we could achieve a w90% knockdown of CLASP1,
LL5b, and ELKS and a w70% knockdown of CLASP2
(Figure 3A). After a partial depletion of the two CLASPs,
LL5b and ELKS still displayed clear accumulation atFigure 2. Colocalization of CLASPs, LL5b, and ELKS at Peripheral
Cortical Sites of HeLa Cells
(A–C) HeLa cells were fixed with methanol and stained with a mixture
of antibodies against CLASP1 and CLASP2 ([A and B], green in the
overlay), mouse anti-LL5b antibody ([A], red in the overlay), rabbit
anti-LL5b antibody ([C], green in the overlay) and mouse anti-ELKS
antibody ([B and C], red in the overlay).
(D) HeLa cells were transfected with RFP-LL5b (red in the overlay)
and GFP-ELKS3 (green in the overlay), fixed with PFA, and imaged
directly. Note that the perinuclear signal observed with the rabbit
anti-LL5b antibody in (C) is probably background because it is not
present in the staining with the mouse anti-LL5b antibody or in the
RFP-LL5b pattern.
(E) Epifluorescence (EPI, green in the overlay) and TIRF microscopy
(red in the overlay) images of live HeLa cells expressing GFP-LL5b.
(F) HeLa cells were transfected with GFP-LL5b (green in the overlay),
fixed with PFA, and stained with antibodies against a FA marker
phosphotyrosine (red in the overlay). White rectangles indicate the
portion of the figure shown enlarged in the left corner of each panel.
Bars, 10 mm.
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(A) Western blot analysis of the extracts of HeLa cells cultured for 72 hr after transfection with the indicated siRNAs.
(B–I) HeLa cells were cultured for 72 hr after transfection with the indicated siRNAs. Cells were fixed with methanol (B–E and G–I) and stained with
a mixture of antibodies against CLASP1 and CLASP2 (B, C, D, G, and I), mouse anti-LL5b antibodies (B, D, and I), rabbit anti-LL5b antibodies (E
and H), and mouse anti-ELKS antibodies (C, E, G, and H). In (I), the part of the image indicated by the white square is enlarged and shown as an
overlay, with CLASP staining in green and LL5b staining in red. In (F), cells were transfected with GFP-ELKS3 48 hr after siRNA transfection, fixed
with PFA 24 hr later, and imaged directly. Bar, 10 mm.the periphery of HeLa cells (Figures 3B and 3C) and
colocalized with each other (data not shown), indicating
that LL5b and ELKS are not dependent on CLASPs
for their cortical targeting. On the other hand, depletion
of LL5b strongly reduced cortical accumulation of
both CLASPs and ELKS. In these conditions, CLASPs
were still present at the MT plus ends and the Golgi
apparatus but displayed no bright peripheral rim (Fig-
ure 3D), while ELKS was redistributed into the cyto-
plasm (Figure 3E). The latter observation was confirmedby transfecting GFP-ELKS3 into LL5b-depleted cells
(Figure 3F).
ELKS knockdown also affected the distribution of its
partners, albeit less dramatically: CLASP accumulation
at the cell edge was reduced (compare Figure 3G with
Figure 2B), while LL5b, though still present at the cortex,
showed a more diffuse localization than in control cells
(compare Figure 3H with Figure 2C). Some colocaliza-
tion of CLASP-positive MT tips with the LL5b puncta
was still observed at the periphery of ELKS-depleted
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25Figure 4. LL5b Binds to CLASPs and ELKS
through Different Domains
(A and B) Hela cells were cotransfected with
GFP-LL5b together with either RFP-CLASP2
or RFP-CLASP2-DC. Twenty-four hours later,
cells were treated with 10 mM nocodazole
for 1 hr, PFA fixed, and imaged directly. Bar,
10 mm.
(C–E) Schematic representation of the struc-
ture of CLASP1, CLASP2, LL5b, ELKS, and
their deletion mutants used in this study.
CC, region with heptad repeats (potential
coiled coil); PH, pleckstrin homology domain.
(F) A scheme of the identified interactions be-
tween CLASP, LL5b, and ELKS.
(G) GST pull-down assays with the indicated
GST fusions. Extracts of COS-1 cells overex-
pressing GFP-CLASP1a or GFP-CLASP2a or
purified HIS-CLASP1-C and HIS-CLIP-170-N
were used for binding. Coomassie-stained
gel is shown for the GST fusions and Western
blots with anti-GFP or anti-HIS antibodies for
the bound proteins. Ten percent of the input
and 25% of the material, bound to the beads,
were loaded on gel.
(H) IPs from the extracts of COS-1 cells tran-
siently expressing the indicated GFP-LL5b
fusions. The precipitates were analyzed on
Western blots with the indicated antibodies.
Extr., 5% of the input.
(I and J) GST pull-down assays with the indi-
cated GST fusions. Extracts of HEK293 cells
overexpressing full-length (FL) myc-ELKSa,
ELKS3, or different ELKS myc-tagged dele-
tion mutants were used for binding. Western
blots with anti-myc antibodies are shown. In-
put lanes contain 6% of the extract used. In
(J), the inputs are shown on the left, while
the material bound to GST-LL5b-M1-contain-
ing beads is shown on the right.
(K) GST pull-down assays with the indicated
GST-LL5b proteins and bacterially purified
MBP (arrow) or MBP-ELKS-M1 fusion (arrow-
head). Western blot with anti-MBP antibodies
is shown. Input lanes contain 3% of the pro-
tein sample used for binding.cells (Figure 3I), suggesting that ELKS may not be es-
sential for the CLASP-LL5b interaction.
To explore this possibility, we next investigated in
more detail which domains of CLASPs and LL5b interact
with each other. Our previous study indicated that
CLASPs could bind to the cortex via their C-terminal do-
main even in the absence of MTs. Indeed RFP-CLASP2,
but not its deletion mutant RFP-CLASP2-DC lacking the
278 C-terminal amino acids (Figure 4C), extensively co-
localized with GFP-LL5b at the periphery of HeLa cells in
which MTs were disassembled by nocodazole (Figures
4A and 4B). Next, we performed GST pull-down assays
with LL5b fragments purified from bacteria (Figures 4D
and 4G). CLIP-170 N terminus served as a negative
control in this experiment. GFP-CLASP1a and GFP-
CLASP2a as well as the bacterially purified CLASP1 C
terminus bound specifically to the LL5b-M2 fragment
(Figure 4G), indicating that CLASPs and LL5b can inter-
act directly through the coiled coil M2 region of LL5b and
the CLASP C terminus.
To investigate which part of LL5b interacts with ELKS,
we used IPs from extracts of cells transfected with GFP-tagged LL5b deletion mutants. Since potentional multi-
merization of LL5b fragments with the endogenous full-
length LL5b could obscure the results of this experiment,
we used COS-1 cells, which express LL5b only at low
levels (Figure S1) but contain endogenous ELKS and
CLASPs. While both CLASP1 and CLASP2 coprecipi-
tated with GFP-LL5b-M2, confirming the results of the
GST pull-down assays, ELKS coprecipitated with a dif-
ferent nonoverlapping LL5b fragment M1 (Figure 4H).
This result was confirmed by pull-down assays with
GST-LL5b fusions and the full-length myc-tagged
ELKSa and ELKS3 (Figure 4I). To determine the LL5b
binding domain of ELKS, we performed pull-down as-
says with GST-LL5b-M1 protein and various ELKSa frag-
ments (Figure 4E). The portion of ELKSa responsible
for the binding to LL5b was located between amino
acids 200–400 (ELKS-M1 fragment) (Figures 4E and
4J). The C-terminal extension specific for the ELKS3
splice form displayed no affinity for LL5b fragments
(data not shown). The identified LL5b-ELKS interaction
was direct because a bacterially purified maltose bind-
ing protein (MBP) fusion of the ELKS-M1 fragment
Developmental Cell
26Figure 5. Relationship between LL5b-ELKS Complexes and MTs in HeLa Cells
(A and B) HeLa cells fixed with cold methanol were stained with antibodies against a-tubulin and LL5b. In (A), an enlargement of the rightmost cell
margin is shown on the right.
(B) Correlation between the LL5b fluorescence intensity and the number of MTs in a 5 3 1 mm box at the cell edge. For this plot, cells showing
strong variability of the peripheral LL5b labeling were chosen. The regression line is shown in red; Pearson’s correlation coefficient r is indicated.
(C and D) HeLa cells were cultured for 72 hr after transfection with the indicated siRNAs, fixed with methanol, and stained for a-tubulin. (C) Images
of individual HeLa cells treated with the indicated siRNAs. (D) Plots show MT numbers in a 53 1 mm box located at the indicated distance from
the cell edge. Measurements were performed in 20 cells per siRNA. Whiskers indicate SD; numbers above the plots indicate the size of each bar
in % compared to the adjacent control bar; values significantly different from control are indicated by asterisks (asterisk, p < 0.05; double
asterisk, p < 0.001).
(E and F) HeLa cells stably expressing GFP-a-tubulin were imaged by TIRF microscopy 72 hr after transfection with the indicated siRNAs. In (E),
the contrast is inverted.
(F) Quantification of the number of MTs visible by TIRF in a 53 1 mm box at the cell edge (w60 regions in approximately ten cells per siRNA). Plots
are constructed as in Figure 5D.
(G and H) HeLa cells were treated with 10 mM nocodazole for 10 min, fixed with methanol, and stained for tubulin. (H) MT numbers were quantified
and plotted as in Figure 5D with the same color codes.
(I–L) Analysis of MT dynamics by time-lapse imaging of HeLa cells stably expressing GFP-a-tubulin 72 hr after transfection with the control or
LL5b siRNAs. Cells were imaged with a 2 s interval. For details, see Movie 1 and Table S2. (I) Life-history plots of individual MTs at the periphery of
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27bound specifically to GST-LL5b-M1 protein (Figure 4K).
Taken together, our results show that LL5b can directly
bind to CLASPs and ELKS through two different do-
mains (Figure 4F).
LL5b-ELKS Complex Participates in Organizing MTs
in HeLa Cells
Our previous study demonstrated that CLASPs deco-
rate distal MT ends at the cell edge (Mimori-Kiyosue
et al., 2005). Peripheral CLASP signals overlapped
extensively with those of LL5b and ELKS, suggesting
that the two latter proteins would colocalize with MT
ends as well. Indeed, in control cells, MTs or small MT
bundles often terminated at LL5b-positive patches (Fig-
ure 5A);w80% of the peripheral LL5b patches colocal-
ized with MTs. There was a clear positive correlation be-
tween the abundance of LL5b puncta at a particular
cortical region and the number of MT ends that made
contact with this region (Figure 5B).
CLASP depletion in interphase HeLa cells caused
a decrease in MT density and a loss of cortically associ-
ated MT tips from the cell margin (Mimori-Kiyosue et al.,
2005). Since LL5b and ELKS are required for cortical
CLASP accumulation, it seemed likely that their deple-
tion would cause an effect similar to that of the CLASP
knockdown. Indeed, the number of MTs was diminished
in both ELKS and LL5b knockdown cells; this effect was
most prominent at the cell periphery, while it became
progressively less apparent in the internal cell regions
(Figures 5C and 5D). Compared to the depletion of the
two CLASPs, the effect of LL5b knockdown on the MT
network was weaker—the number of MT ends in the pe-
ripheral 10 mm deep portion of the lamella was dimin-
ished by w32% in CLASP knockdown cells (Mimori-
Kiyosue et al., 2005), while it was reduced only by
w22% after LL5b knockdown (25.9 6 4.3 MT ends in
control cells compared to 20.3 6 2.8 MT ends in LL5b-
depleted cells; quantification was performed in a periph-
eral trapezoid sector with the base and the height of 10
mm by using the same data set as in Figure 5D). The de-
crease in MT density was even less pronounced in the
case of ELKS depletion, probably because CLASP-pos-
itive MT tips could still make some contacts with LL5b at
the cell cortex (Figure 3I).
The accumulation of MT tips at the peripheral ventral
cortex, observed by TIRF microscopy in live HeLa cells
expressing GFP-a-tubulin (Mimori-Kiyosue et al., 2005),
was clearly reduced in ELKS and LL5b-depleted cells
(Figures 5E and 5F and Figure S2). MT stability was
also affected: while in control cells,w40%–55% of MTs
were still present in the lamellae after a 10 min treatment
with 10 mM nocodazole, very few MTs remained in LL5b-
depleted cells after the same treatment (Figures 5G and
5H). In this experiment, ELKS-depleted cells again dis-
played an intermediate phenotype (Figures 5G and 5H).
Analysis of MT dynamics with a stable line of HeLa
cells expressing EB3-GFP showed that the frequency
of centrosomal MT nucleation remained unchanged af-
ter the depletion of LL5b or ELKS (Figure S3). Quantifica-tion of MT dynamics in HeLa cells expressing GFP-a-tu-
bulin (Movie 1) showed that the frequency of MT growth
into lamella as well as the MT polymerization rate was
not significantly affected by LL5b knockdown (Figure 5J
and Table S2). However, MT plus ends that reached the
cell margin in LL5b knockdown cells were more dy-
namic: they spent less time in apparent pausing be-
cause of the reduced frequencies of transitions from
growth/shortening to pausing and the increased fre-
quencies of reverse transitions (Figures 5I and 5K and
Table S2). As a result, MT ends in LL5b-depleted cells
stayed near the cell edge for a shorter time than MTs
in control cells (Figure 5L). Taken together, our data in-
dicate that LL5b patches at the cell periphery attach
MT ends to the cortex and stabilize them by reducing
their oscillations. This effect was similar to that ob-
served after CLASP depletion (Mimori-Kiyosue et al.,
2005). However, CLASP knockdown caused a more pro-
found reduction in the MT polymer levels, resulting in an
increased MT growth rate. This suggests that CLASPs
stabilize MTs also by LL5b-independent mechanisms.
Dynamics of LL5b Clusters in HeLa Cells
Next, we analyzed the mobility of LL5b clusters in HeLa
cells transiently expressing GFP-LL5b at low levels (two
to five times overexpression). In most cases, peripheral
GFP-LL5b patches displayed no significant motility
when observed for w15–30 min (Figure S4 and Movie
2). The infrequent movements of individual GFP-LL5b
clusters usually correlated with the retraction of the
cell edge (Movie 3).
To gain insight into the dynamics of LL5b within
the clusters, we performed fluorescence recovery after
photobleaching (FRAP) experiments (Figure S5 and
Movie 4). After photobleaching, fluorescence of the
GFP-LL5b-positive cortical rim was restored gradually
throughout the whole rim area. The time of 50% recovery
in the GFP-LL5b labeled patches was 97.7 6 17.8 s;
complete redistribution of bleached and unbleached
molecules was achieved after w10 min (Figure S5C).
The fluorescence recovery of GFP-LL5b patches dis-
played almost no dependence on their distance from
the boundary between the bleached and unbleached
areas (Figure S5D). This fact together with the slow
kinetics of recovery suggests that binding of LL5b to
its partners within the clusters and not diffusion is the
time-limiting step for LL5b exchange at the cell cortex.
In agreement with this notion, the recovery of GFP-
LL5b signal in the areas completely devoid of cortical
patches was much faster (time of 50% recovery was
13.56 3.0 s). Therefore, our data indicate that LL5b clus-
ters are relatively stable and immobile structures that
undergo a slow exchange with the mobile cytoplasmic
pool of the LL5b protein.
Regulation of LL5b Localization in HeLa Cells
and Swiss 3T3 Fibroblasts by PI3 Kinase
Our results demonstrated that LL5b is essential for re-
cruitment of CLASPs and ELKS to the cell cortex.control and LL5b-depleted HeLa cells expressing GFP-a-tubulin (see also Movie 1). Plots for three different MTs are shown by red, green, and
blue lines. The vertical axis indicates the distance from the cell edge (the position of which is indicated by a horizontal orange line). (J) Frequency
of MT entry into lamella. Plots are constructed as in Figure 5D. (K and L) Percentage of time spent by MT plus ends in different phases of dynamic
instability (K) or in the 1 mm region at the cell edge (L). Bars, 10 mm.
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28Figure 6. Inhibition of PI3 Kinase Activity
Affects the Recruitment and Maintenance of
Cortical LL5b Clusters
(A–C) HeLa cells transiently expressing GFP-
LL5b-DPH (A) or GFP-LL5b-PH (B and C) were
fixed with PFA and imaged directly. In (C),
cells were preincubated for 1 hr with 100 nM
wortmannin.
(D) Confocal images of the basal plasma
membrane of HeLa cells transiently express-
ing YFP-AktPH, CFP-CAAX, and RFP-
CLASP2. In the right two panels, the YFP/
CFP ratio is shown by shades of gray. RFP-
CLASP2 signals are shown in red.
(E) HeLa cells were serum starved for 72 hr
and either fixed directly or incubated for 1 hr
in medium containing serum and 0.1%
DMSO, serum and 100 nM wortmannin, or se-
rum and 100 mM LY294002. Cells were fixed
with methanol and stained with the mouse
anti-LL5b antibody.
(F) Plots of average intensity of fluorescence
of LL5b staining performed as described for
Figure 6E. The average intensity was mea-
sured within a 1 mm2 box along the cell radius
with subtracting the background. Measure-
ments were performed in five different cell re-
gions in 20 cells per treatment. SEM is shown
by whiskers.
(G–I) Ratio of the peak value of average inten-
sity of LL5b staining to the average intensity
in the internal cytoplasm at a 10 mm distance
from the peak along the same radius. SD is
shown by whiskers. The quantification was
performed for serum-starved cells stimulated
by serum for the indicated time periods (G),
for serum-starved cells stimulated by serum
for 1 hr in the presence of 100 nM wortmannin
or 100 mM LY294002 (H), or for serum-grown
cells treated with the same inhibitors for 1 hr
(I). Values significantly different from those
for the serum-stimulated cells (H) or for the
control serum-grown cells (I) are indicated
by asterisks (p < 0.001).
(J and K) Swiss 3T3 cells were grown to
a monolayer, serum starved for 48 hr, and se-
rum stimulated for 1 hr after scratching the
monolayer. Cells were fixed with methanol
and stained with a mixture of antibodies
against CLASP1 and CLASP2 ([J], green in
the overlay), mouse anti-LL5b antibody ([J],
red in the overlay), rabbit anti-LL5b antibody
([K], green in the overlay), and mouse anti-
ELKS antibody ([K], red in the overlay). White
rectangles indicate the portion of the overlay
shown enlarged on the right.
(L) Swiss 3T3 cells were grown to a mono-
layer, serum starved for 48 hr, and incubated
for 1 hr in serum-free medium (serum
starved), in serum-containing medium sup-
plemented with either 0.1% DMSO (1 hr se-
rum) or with one of the indicated inhibitors
(100 nM wortmannin, 10 mM nocodazole).
Cells were fixed with methanol and stained
for LL5b. Bars, 10 mm.Previous investigations showed that LL5b contains
a pleckstrin homology (PH) domain which can bind to
PIP3 (Paranavitane et al., 2003), raising the possibility
that PI3 kinase activity might regulate the distribution
of LL5b and its partners. Deletion of the PH domain of
LL5b abolished its localization to cortical clusters (Fig-
ure 6A); in agreement with previously published data,LL5b-DPH localized to small dot-like structures and
not to the cell edge (Paranavitane et al., 2003). The
LL5b PH domain itself tagged with GFP did localize to
the plasma membrane of HeLa cells (Figure 6B). How-
ever, this fusion protein was not restricted to the ventral
cortex but was abundantly present at all filopodia and
sites of intercellular contacts. This localization was
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(Figure 6C) or LY294002 (not shown), which caused its
redistribution to the nucleus.
We next investigated the distribution of PIP3 with the
yellow fluorescent protein (YFP) fusion of the PH domain
of Akt as a sensor (Haugh et al., 2000). This protein was
also not restricted to the basal plasma membrane (not
shown). Ratiometric imaging using CFP-CAAX (a mem-
brane marker independent of PIP3) as a reference dem-
onstrated that in the ventral membrane PIP3 was some-
what enriched in the peripheral cell regions harboring
the CLASP-LL5b-ELKS complexes (visualized with
RFP-CLASP2, Figure 6D).
The peripheral accumulation of LL5b-ELKS-CLASP
signals was very strongly reduced in serum-starved
HeLa cells and could be restored after serum addition
(Figures 6E and 6F). Quantification of the ratio between
the LL5b signals at the cell margin and in the internal
cytoplasm showed that LL5b accumulation after serum
stimulation occurred gradually within a 1 hr period
(Figure 6G). Interestingly, inhibition of PI3 kinase with
wortmannin during serum addition to serum-starved
cells markedly reduced, albeit not abolished, LL5b re-
cruitment to the cell edges (Figures 6E, 6F, and 6H).
LY294002 addition had a milder effect on the serum-in-
duced LL5b relocalization to the cell margin and resulted
in a more irregular patchy pattern of LL5b distribution
(Figures 6E and 6H). Treatment of serum-grown HeLa
cells with PI3 kinase inhibitors diminished, but did not
eliminate, the cortical rim of LL5b-positive signals (Fig-
ure 6I). These results suggest that PIP3 is likely to con-
tribute to the proper cortical localization of LL5b but
that additional factors are also involved.
We next investigated if the cortical accumulation of
LL5b-ELKS-CLASP complexes is a peculiarity of HeLa
cells. We detected no peripheral accumulation of LL5b
or CLASPs in COS-1 or COS-7 cells (data not shown;
Akhmanova et al., 2001). However, both LL5b and
ELKS were strongly accumulated at the leading edges
of Swiss 3T3 fibroblasts migrating into a monolayer
wound (Figures 6J and 6K). LL5b and ELKS-positive sig-
nals colocalized with each other (Figure 6K) and partially
overlapped with CLASP-decorated MT ends at the lead-
ing edge (Figure 6J). Also in low density cultures, LL5b
was strongly enriched near protruding cell edges
(Figure S6A and S6B). Similar to HeLa cells, FAs were
free of LL5b label (Figure S6A and S6B).
Our previous data on CLASP2 showed that it bound
only weakly to MT tips in serum-starved cells but was
specifically recruited to MT ends at the leading edge in
response to serum (Akhmanova et al., 2001). In agree-
ment with these data, LL5b was distributed diffusely in
serum-starved 3T3 fibroblasts (Figure 6L) but was
strongly recruited to the leading edge withinw15 min af-
ter serum addition (Figure 6L and Figure S6C). Similar to
HeLa cells, this relocalization was partially inhibited by
the addition of PI3K inhibitor wortmannin (Figure 6L)
and to a lesser extent by LY294002 (Figure S6D). The lat-
ter inhibitor induced patches of LL5b, which often corre-
lated with FAs (Figure S6D). Recruitment of LL5b to the
leading cell edges also occurred in the presence of the
MT-depolymerizing drug nocodazole, even when the
cells were pretreated with nocodazole for 1 hr before se-
rum addition, indicating that intact MTs are not requiredfor the polarized distribution of LL5b (Figure 6L). Given
the fact that CLASPs are needed for MT stabilization at
the leading edge of Swiss 3T3 cells (Akhmanova et al.,
2001) and that the behavior of LL5b-ELKS-CLASP com-
plexes is similar in HeLa and 3T3 cells, it seems likely
that these complexes contribute to the polarization of
the MT network in 3T3 fibroblasts.
Relationship between LL5b Clusters and FAs
In addition to the leading edge localization, in well-
spread 3T3 cells grown at low density clusters of LL5b
frequently accumulated around FAs (Figure 7A). A similar
pattern of LL5b localization was induced in serum-grown
HeLa cells after MT depolymerization by nocodazole
(Figure 7B). MT depolymerization also caused a strong
recruitment of LL5b to the cortex around FAs in serum-
starved HeLa cells, which normally displayed only a dif-
fuse LL5b distribution (Figure 7C). This relocalization
might be caused by the regulatory cascades associated
with the Rho GTPase activation and FA enlargement
induced by MT disassembly (Bershadsky et al., 1996).
Nocodazole-induced LL5b recruitment to FAs was in-
hibited, though not abolished, by wortmannin (Figure 7C)
but was not visibly affected by the addition of LY294002
(data not shown). Interestingly, enlargement of FAs and
LL5b accumulation around these sites were also ob-
served in serum-starved cells after the knockdown of
the two CLASPs (Figure 7C), possibly due to the low
MT density in these cells (Mimori-Kiyosue et al., 2005).
Depletion of LL5b and ELKS did not prevent serum- or
nocodazole-induced enlargement of FAs in serum-
starved cells or FA disassembly after nocodazole wash-
out and did not affect the FA size in singly growing cells
(data not shown). However, in groups of HeLa cells
growing in the continuous presence of serum, FAs at
the ‘‘free’’ edges (the cell regions showing the strongest
accumulation LL5b and ELKS) (Figure 2) were consis-
tently reduced after the knockdown of LL5b or ELKS
(Figures 7D and 7E). This effect was unanticipated as
the reduction of MT density would be expected to in-
duce FA enlargement due to reduced MT targeting (Ka-
verina et al., 1999; Ezratty et al., 2005). Indeed CLASP1/2
depletion, which caused a more profound decrease in
MT polymer, resulted in an enlargement of FAs (data
not shown). It is therefore possible that LL5b and ELKS
influence FA size through a MT-independent signaling
pathway. As a whole, our results demonstrate a complex
functional interplay between the LL5b-ELKS structures,
microtubules, and FAs (Figure 7F).
Discussion
In this study we have identified a link between inter-
phase MTs and the cell cortex. This link includes
CLASPs—well-characterized +TIPs—and LL5b and
ELKS, which have no similarities to MT binding proteins
and can form a MT-independent membrane bound com-
plex. These data combined with our previous study
(Mimori-Kiyosue et al., 2005) suggest that CLASPs at-
tach distal MT ends to LL5b-ELKS clusters (Figure 7F).
This attachment increases the stability and density of
the parts of the MT network directed to the LL5b-
ELKS-enriched cortical sites. Since the effect of LL5b
depletion on MT density was less profound than that
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ters and FAs
(A) Swiss 3T3 cells were grown at low density
in the presence of serum, fixed with metha-
nol, and stained with the mouse anti-LL5b an-
tibody (green in the overlay) and rabbit anti-
FAK-pY397 antibody (FA marker, red in the
overlay).
(B) Serum-grown HeLa cells were treated
with 10 mM nocodazole for 1 hr, fixed with
methanol, and stained with antibodies
against LL5b (green in the overlay), FA marker
vinculin (red in the overlay), and a-tubulin.
(C) HeLa cells were serum-starved for 72 hr
and either fixed directly or incubated for 1 hr
in the medium containing 10 mM nocodazole
or 10 mM nocodazole and 100 nM wortman-
nin. The panel on the right shows serum-
starved HeLa cells 72 hr after transfection
with CLASP1+2 siRNAs. Cells were stained
in the same way as in Figure 7A.
(D) Serum-grown cells were fixed with PFA
and stained for the FA marker paxillin 72 hr af-
ter transfection with the indicated siRNAs.
HeLa cells do not migrate and as a result, form
groups where they remain in contact with
each other. Cells located at the ‘‘free’’ edges
of such groups are shown. Bars, 10 mm.
(E) Quantification of the area of individual FAs
located at the ‘‘free’’ edges of the groups of
serum-grown HeLa cells. Plots were con-
structed in the same way as in Figure 5D.
(F) A model for cortical MT attachment
through CLASPs, LL5b, and ELKS. CLASPs
can interact with the plus end of a growing
MT and the same time make contact with
the cell cortex through the association with
LL5b. LL5b clusters at the membrane are
formed with the participation of ELKS and
are recruited to the membrane by PIP3 as
well as other lipid and/or protein partners,
which are indicated by question marks. As
an alternative, CLASPs can form an MT tip
bound complex with CLIP-170, which is not
involved in LL5b-mediated membrane at-
tachment. Functional interplay between MT
ends, LL5b, and FAs is indicated by arrows.of the CLASP knockdown, we conclude that CLASPs
can also increase MT stability independently of LL5b,
most likely by acting as rescue factors at MT plus
ends. In addition to LL5b, other regulatory factors such
as GSK3b (Akhmanova et al., 2001; Wittmann and
Waterman-Storer, 2005) may impose spatial constraints
on the localization of CLASPs and contribute to MT
organization by these proteins.
CLASPs bind directly to LL5b (and the cell cortex)
through their C terminus, the same domain that was pre-
viously shown to interact with CLIP-170 (Akhmanova
et al., 2001). Although CLIP-170 was the most abundant
partner copurified with CLASP2, it was not coprecipi-
tated with LL5b and ELKS, suggesting that CLASPs par-
ticipate in the cortical complexes independently of
CLIP-170. Binding to the CLIPs is probably needed to
enhance CLASP localization to the MT plus ends and
may serve as an attenuator of CLASP interaction with
the cell cortex.
Membrane targeting of the CLASP-LL5b-ELKS com-
plex is dependent on LL5b. A previous study demon-strated that LL5b binds to PIP3 (Paranavitane et al.,
2003), suggesting that LL5b accumulation at the cortex
would require PI3 kinase activity. In line with this idea,
PI3 kinase activation is known to occur at the leading
edges and at FAs (Haugh et al., 2000; Jones et al.,
2000), the sites where LL5b is localized. While the re-
cruitment to both types of sites could be suppressed
by wortmannin, another PI3 kinase inhibitor, LY294002,
did not prevent LL5b accumulation around FAs. This re-
sult may be due to the differential effects of these inhib-
itors on diverse cellular processes, which may affect
cortical protein distribution. Although the PIP3 binding
PH domain of LL5b is necessary for its cortical targeting,
this domain alone was insufficient to determine its spe-
cific subcellular localization. Therefore, the spatial distri-
bution of LL5b may be determined by other partners or
regulatory factors, possibly dependent on the cell inter-
action with extracellular matrix since LL5b complexes
are strongly enriched at the ventral cortex.
ELKS, the second component of the identified com-
plex, has no membrane binding motifs; its structure is
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1999). ELKS, as well as its brain-specific homolog CAST
were identified in numerous studies on protein-protein
interactions (see Deguchi-Tawarada et al. [2004], Ta-
kao-Rikitsu et al. [2004], and references therein) and
are likely to play a scaffolding role. In agreement with
this idea, depletion of ELKS did not abolish the targeting
of LL5b to the cortex but prevented it from forming tight
peripheral clusters. ELKS depletion also failed to pre-
vent CLASP-LL5b interaction and therefore had a milder
effect on MT density. Since RNAi-mediated depletion is
never complete, we cannot exclude that the LL5b corti-
cal puncta observed after ELKS knockdown were due to
remaining low levels of ELKS. Still, we favor the idea that
the role of ELKS in the complex is an accessory one.
The potential functions of the MT-cortex link de-
scribed here extend beyond the regulation of MT density
and stability. MT attachment to certain peripheral sites
may be important for organizing exocytosis. Remark-
able in this respect is the frequent coincidence of the
docking sites of insulin granules with the ELKS clusters
at the membrane of insulin-secreting cells (Ohara-Imai-
zumi et al., 2005). There is also a functional interplay be-
tween CLASP-LL5b-ELKS complexes and the actin cy-
toskeleton, demonstrated by the influence of these
proteins on the FA size. This interplay is likely to occur
at the level of signaling. However, there may also be a di-
rect connection with the actin network, as suggested by
the binding of LL5b to g-filamin, an actin-cross-linking
protein (Paranavitane et al., 2003).
A promising avenue of investigation is the potential
function of the CLASP-LL5b-ELKS complex in neurons.
CLASPs are present in growth cones and are required
for axon guidance (Lee et al., 2004). ELKS and its homo-
log CAST are also enriched in axons, where they consti-
tute a part of the cytomatrix at the active zone (Deguchi-
Tawarada et al., 2004; Ohtsuka et al., 2002). LL5b was
so far only identified at postsynaptic sites at the neuro-
muscular junction (Kishi et al., 2005), while its neuronal
localization still remains to be elucidated. CLASP-LL5b-
ELKS complexes seem to be attractive candidates to
mediate MT-membrane attachment during neurite mor-
phogenesis and synaptogenesis. Taken together, our
data describe an interesting component of cytoarchi-
tecture that could be employed in different cellular and
tissue settings.
Experimental Procedures
Constructs
The expression vectors for GFP-CLASP1/2 and their deletion mu-
tants were described previously (Akhmanova et al., 2001; Mimori-
Kiyosue et al., 2005). GFP-a-tubulin, pECFP, and pEGFP vectors
were purchased from Clontech. GFP-LL5b (Paranavitane et al.,
2003) was a gift from Dr. L. Stephens (The Babraham Institute, Cam-
bridge, UK). To generate RFP-LL5b, GFP was substituted for mRFP
(a gift of Dr. R.Tsien [UCSD, La Jolla, CA]). GFP-LL5b deletion mu-
tants were produced by a PCR-based strategy in pEGFP-C2. GFP-
ELKSa was described by Deguchi-Tawarada et al. (2004). To gener-
ate GFP-ELKS3, mouse ELKS3 cDNA was obtained from the total
mouse brain RNA by RT-PCR with RNA PCR kit (TAKARA, Japan)
and cloned into pCAEGFP vector, which was a gift from Dr. M. Take-
ichi (RIKEN, Kobe, Japan). To insert biotinylation tags into GFP-
CLASP2a, GFP-LL5b, GFP-ELKSa, and GFP-ELKS3, a linker encod-
ing the amino acid sequence MASGLNDIFEAQKIEWHEGGG was
cloned at the NheI and AgeI sites upstream of the GFP. BirA expres-sion construct was a gift from Dr. D. Meijer (Erasmus MC, Rotter-
dam, The Netherlands). YFP-AktPH was a gift from Dr. T. Balla
(NICHD, Bethesda, MD). YFP-AktPH and CFP-CAAX (CFP with the
C-terminal farnesylation sequence KDGKKKKKKSKTKCVIM) were
inserted into the pSV40-Zeo2 (Invitrogen) to express the two genes
at equal expression levels.
Transfection of Plasmids and siRNAs
HeLa, COS-1, COS-7, Swiss 3T3 cells, and HEK293 were grown as
described previously (Akhmanova et al., 2001). PolyFect (Qiagen),
Lipofectamine 2000 (Invitrogen), or FuGENE 6 (Roche) reagents
were used for plasmid transfection. The stable HeLa clones were
cultured in the presence of 0.4 mg/ml G418 (Roche). Synthetic
siRNAs were transfected using Oligofectamine (Invitrogen) at a con-
centration 100 nM or with HiPerFect (Qiagen) at a concentration
5 nM. SiRNA sequences are indicated in Supplemental Data.
Pull-DownAssays, Protein Purification, In Vitro Binding Assays,
IP, and Western Blotting
To produce HIS-tagged CLASP1-C, a mouse CLASP1 cDNA frag-
ment (nucleotides 1–810 of the sequence AJ288061) was cloned
into pET-28a, expressed in Rosetta (DE3) pLysS E. coli, and purified
with Ni-NTA agarose (Qiagen). GST-tagged fusions of LL5b frag-
ments were generated with pGEX-3X, produced in BL21 E. coli,
and purified with glutathione-Sepharose 4B (Amersham Biosci-
ences). MBP-ELKS-M1 fusion was generated in pMAL-c2, produced
in DH5a E. coli, and purified with amylose resin (New England Bio-
labs). GST pull downs, IPs from HeLa extracts, and Western blotting
were performed as described previously (Mimori-Kiyosue et al.,
2005). The details of streptavidin pull-down assays, mass spec-
trometry analysis, and IPs from HEK293 extracts are described in
Supplemental Data.
Antibodies and Immunofluorescent Staining
Rabbit antibodies against LL5b were raised as described before
(Akhmanova et al., 2001) with a purified GST-LL5b-M2 fusion. We
used rabbit polyclonal antibodies against GFP (Abcam), FAK-
pY397 (Biosource), MBP (New England Biolabs), CLASP1 (Mimori-
Kiyosue et al., 2005), CLASP2 and CLIP-170 (Akhmanova et al.,
2001), ELKS (Deguchi-Tawarada et al., 2004), mouse monoclonal
antibodies against ELKS (Ohara-Imaizumi et al., 2005), LL5b (a gift
from Dr. J. Sanes, Washington University, St. Louis, MO [Kishi et al.,
2005]), actin (Chemicon), phosphotyrosine and vinculin (Sigma), pax-
illin (Transduction Laboratories), GFP, HA and myc tags (Roche),
pentahistidine tag (Qiagen), and a rat monoclonal antibody against
a-tubulin (YL1/2, Abcam). For secondary antibodies, Alexa 350 and
Alexa 594-conjugated goat antibodies against rabbit, rat, and mouse
IgG were purchased from Molecular Probes, and FITC-conjugated
goat anti-rabbit antibody from Nordic Laboratories. Fresh medium
was added to cellsw1–2 hr before fixation. Cell fixation and staining
procedures were described previously (Akhmanova et al., 2001).
Fluorescence Microscopy and Image Analysis
Unless indicated differently, images of fixed cells were collected
with a Leica DMRBE microscope with a PL Fluotar 1003 1.3 NA ob-
jective, equipped with a Hamamatsu CCD camera (C4880). FRAP as-
say was carried out with a Zeiss LSM510Meta system, which in-
cluded a Zeiss Axiovert 200 inverted microscope equipped with
a PlanApo 633 1.4 NA objective. For LL5b and EB3-GFP live imag-
ing, we used a Zeiss Axiovert 200M inverted microscope equipped
with a Plan 1003 1.3 NA objective, a 120 W mercury lamp, and a Ha-
mamatsu ORCA-ER CCD camera (Hamamatsu Photonics) driven by
Improvision Openlab software (Improvision, Inc.). TIRF microscopy
was performed with an Olympus IX70 with a PlanApo 1003 1.45
NA TIRFM objective, equipped with an argon laser (488 nm line)
and an ORCA-ER CCD camera controlled by Aquacosmos software
(Hamamatsu Photonics) or with a Nikon TE2000U with a PlanApo
603 1.45 NA TIRFM objective, equipped with an argon laser (488
nm line), a diode pumped green laser (532 nm), and a Cascade
512B EMCCD camera (Photometrics) controlled by MetaMorph soft-
ware (Universal Imaging, Corp.). Quantification of FRAP experi-
ments was performed with Zeiss LSM510 software. Acquisition of
MT dynamics movies, quantification, and analysis of fluorescent sig-
nals, image preparation and statistical analysis were performed as
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cance of the observed differences was evaluated with Kolmo-
gorov-Smirnov two-sample test, which estimates the probability
that two distributions are the same (Boes et al., 1974).
Supplemental Data
Supplemental Data include details of Experimental Procedures,
tables with the mass spectrometry data and the parameters of MT
dynamic instability, figures illustrating the specificity of anti-LL5b
antibodies, epifluorescent and TIRF images of MTs and the plasma
membrane in control, LL5b, and ELKS knockdown cells, measure-
ments of MT nucleation frequency in different knockdown condi-
tions, and dynamics and FRAP analysis of LL5b clusters and their
distribution in 3T3 cells. Supplemental Data also include movies
showing MT dynamics in control and LL5b-depleted cells, as well
as the dynamics and FRAP analysis of LL5b clusters. These data
are available at http://www.developmentalcell.com/cgi/content/
full/11/1/21/DC1/.
Acknowledgments
We are grateful to D. Meijer, L. Stephens, J. Sanes, R. Tsien, T. Balla,
and M. Takeichi for sharing reagents; to K.Bezstarosti for the help
with mass-spectrometry experiments; to C. Matsui for technical as-
sistance; and to W. van Cappellen and M. Modesti for the help with
live cell imaging. This study was supported by the Netherlands Or-
ganization for Scientific Research grants to A.A. and by a European
Union Integrated Project on Molecular Imaging to F.G.
Received: November 18, 2005
Revised: March 29, 2006
Accepted: May 4, 2006
Published: July 10, 2006
References
Akhmanova, A., and Hoogenraad, C.C. (2005). Microtubule plus-
end-tracking proteins: mechanisms and functions. Curr. Opin. Cell
Biol. 17, 47–54.
Akhmanova, A., Hoogenraad, C.C., Drabek, K., Stepanova, T., Dort-
land, B., Verkerk, T., Vermeulen, W., Burgering, B.M., De Zeeuw, C.I.,
Grosveld, F., and Galjart, N. (2001). Clasps are CLIP-115 and -170
associating proteins involved in the regional regulation of microtu-
bule dynamics in motile fibroblasts. Cell 104, 923–935.
Bershadsky, A., Chausovsky, A., Becker, E., Lyubimova, A., and Gei-
ger, B. (1996). Involvement of microtubules in the control of adhe-
sion-dependent signal transduction. Curr. Biol. 6, 1279–1289.
Boes, D.C., Graybill, F.A., and Mood, A.M. (1974). Introduction to the
Theory of Statistics (New York: McGraw-Hill).
Carvalho, P., Tirnauer, J.S., and Pellman, D. (2003). Surfing on micro-
tubule ends. Trends Cell Biol. 13, 229–237.
Deguchi-Tawarada, M., Inoue, E., Takao-Rikitsu, E., Inoue, M., Oht-
suka, T., and Takai, Y. (2004). CAST2: identification and character-
ization of a protein structurally related to the presynaptic cytomatrix
protein CAST. Genes Cells 9, 15–23.
Doble, B.W., and Woodgett, J.R. (2003). GSK-3: tricks of the trade
for a multi-tasking kinase. J. Cell Sci. 116, 1175–1186.
Ezratty, E.J., Partridge, M.A., and Gundersen, G.G. (2005). Microtu-
bule-induced focal adhesion disassembly is mediated by dynamin
and focal adhesion kinase. Nat. Cell Biol. 7, 581–590.
Galjart, N. (2005). CLIPs and CLASPs and cellular dynamics. Nat.
Rev. Mol. Cell Biol. 6, 487–498.
Haugh, J.M., Codazzi, F., Teruel, M., and Meyer, T. (2000). Spatial
sensing in fibroblasts mediated by 30 phosphoinositides. J. Cell
Biol. 151, 1269–1280.
Howard, J., and Hyman, A.A. (2003). Dynamics and mechanics of the
microtubule plus end. Nature 422, 753–758.
Jones, R.J., Brunton, V.G., and Frame, M.C. (2000). Adhesion-linked
kinases in cancer; emphasis on src, focal adhesion kinase and PI 3-
kinase. Eur. J. Cancer 36, 1595–1606.Kaverina, I., Krylyshkina, O., and Small, J.V. (1999). Microtubule tar-
geting of substrate contacts promotes their relaxation and dissoci-
ation. J. Cell Biol. 146, 1033–1044.
Kishi, M., Kummer, T.T., Eglen, S.J., and Sanes, J.R. (2005). LL5beta:
a regulator of postsynaptic differentiation identified in a screen for
synaptically enriched transcripts at the neuromuscular junction. J.
Cell Biol. 169, 355–366.
Lee, H., Engel, U., Rusch, J., Scherrer, S., Sheard, K., and Van Vac-
tor, D. (2004). The microtubule plus end tracking protein Orbit/
MAST/CLASP acts downstream of the tyrosine kinase Abl in mediat-
ing axon guidance. Neuron 42, 913–926.
Maiato, H., Rieder, C.L., Earnshaw, W.C., and Sunkel, C.E. (2003).
How do kinetochores CLASP dynamic microtubules? Cell Cycle 2,
511–514.
Mathe, E., Inoue, Y.H., Palframan, W., Brown, G., and Glover, D.M.
(2003). Orbit/Mast, the CLASP orthologue of Drosophila, is required
for asymmetric stem cell and cystocyte divisions and development
of the polarised microtubule network that interconnects oocyte
and nurse cells during oogenesis. Development 130, 901–915.
Mimori-Kiyosue, Y., Grigoriev, I., Lansbergen, G., Sasaki, H., Matsui,
C., Severin, F., Galjart, N., Grosveld, F., Vorobjev, I., Tsukita, S., and
Akhmanova, A. (2005). CLASP1 and CLASP2 bind to EB1 and regu-
late microtubule plus-end dynamics at the cell cortex. J. Cell Biol.
168, 141–153.
Monier, S., Jollivet, F., Janoueix-Lerosey, I., Johannes, L., and Goud,
B. (2002). Characterization of novel Rab6-interacting proteins in-
volved in endosome-to-TGN transport. Traffic 3, 289–297.
Nakata, T., Kitamura, Y., Shimizu, K., Tanaka, S., Fujimori, M., Yo-
koyama, S., Ito, K., and Emi, M. (1999). Fusion of a novel gene,
ELKS, to RET due to translocation t(10;12)(q11;p13) in a papillary
thyroid carcinoma. Genes Chromosomes Cancer 25, 97–103.
Nakata, T., Yokota, T., Emi, M., and Minami, S. (2002). Differential ex-
pression of multiple isoforms of the ELKS mRNAs involved in a pap-
illary thyroid carcinoma. Genes Chromosomes Cancer 35, 30–37.
Ohara-Imaizumi, M., Ohtsuka, T., Matsushima, S., Akimoto, Y., Nish-
iwaki, C., Nakamichi, Y., Kikuta, T., Nagai, S., Kawakami, H., Wata-
nabe, T., and Nagamatsu, S. (2005). ELKS, a protein structurally
related to the active zone-associated protein CAST, is expressed in
pancreatic beta cells and functions in insulin exocytosis: interaction
of ELKS with exocytotic machinery analyzed by total internal reflec-
tion fluorescence microscopy. Mol. Biol. Cell 16, 3289–3300.
Ohtsuka, T., Takao-Rikitsu, E., Inoue, E., Inoue, M., Takeuchi, M.,
Matsubara, K., Deguchi-Tawarada, M., Satoh, K., Morimoto, K.,
Nakanishi, H., and Takai, Y. (2002). Cast: a novel protein of the cyto-
matrix at the active zone of synapses that forms a ternary complex
with RIM1 and munc13-1. J. Cell Biol. 158, 577–590.
Paranavitane, V., Coadwell, W.J., Eguinoa, A., Hawkins, P.T., and
Stephens, L. (2003). LL5beta is a phosphatidylinositol (3,4,5)-
trisphosphate sensor that can bind the cytoskeletal adaptor,
gamma-filamin. J. Biol. Chem. 278, 1328–1335.
Schuyler, S.C., and Pellman, D. (2001). Microtubule ‘‘plus-end-track-
ing proteins’’: the end is just the beginning. Cell 105, 421–424.
Takao-Rikitsu, E., Mochida, S., Inoue, E., Deguchi-Tawarada, M.,
Inoue, M., Ohtsuka, T., and Takai, Y. (2004). Physical and functional
interaction of the active zone proteins, CAST, RIM1, and Bassoon, in
neurotransmitter release. J. Cell Biol. 164, 301–311.
Wang, Y., Liu, X., Biederer, T., and Sudhof, T.C. (2002). A family of
RIM-binding proteins regulated by alternative splicing: implications
for the genesis of synaptic active zones. Proc. Natl. Acad. Sci. USA
99, 14464–14469.
Wittmann, T., and Waterman-Storer, C.M. (2005). Spatial regulation
of CLASP affinity for microtubules by Rac1 and GSK3beta in migrat-
ing epithelial cells. J. Cell Biol. 169, 929–939.
